The waste of coal resources, a complicated production process and slow mining speed seriously restrict the rapid development of longwall mining. To achieve effective mining, an innovative noncoal pillar mining approach (i.e., Gob-side Entry Retaining by Roof Cutting (GERRC)) was introduced. The mechanism of the GERRC approach and its three key technologies (i.e., roof support technology, directional presplit cumulative blasting technology and surrounding rock control technology) were studied by theoretical analysis, numerical simulation, laboratory and field experiments. The new approach was finally tested under medium-thick coal seam and compound roof conditions. The results show that the directional presplit cumulative blasting technology can effectively control the damage evolution in the roof rock, maintain the integrity of the entry roof and contribute the gob roof to the cave in time. The support technologies in different roof movement stages can control the entry surroundings, and the final section of the retained entry met the safety production requirements. The test results suggested that the proposed approach for coal effective mining is feasible, and the introduced key technologies and design methods potentially produce reasonable values for applications of pillarless mining in similar projects.
Introduction
Presently, coal resources are still a main energy source supporting the economic development of many developing countries. For effective utilization of limited coal resources, it is imperative to increase the coal recovery rate and improve mining safety. With the progress of the manufacturing industry and the development of mining theory, the coal longwall mining has undergone several changes during the past decades. In the traditional longwall mining mode, a wide coal pillar of 20-50 m should be left between the working faces to reduce the pressure on the adjacent working face when the working face is recovered [1] . As shown in Figure 1a , this mining mode can ensure the stability of the entry adjacent to the working face, but the waste of resources is serious. With deeper understanding of the mining pressure theory, Gob-side Entry Retaining (GER) with narrow coal pillars based on the transfer rock beam theory was successfully applied in 1982 [2] . The coal pillar size is generally 5 m, as shown in Figure 1b . This technology improves the coal recovery rate, but a reasonable size for coal pillars is difficult to be determined, and coal pillars tend to become stress concentration zones.
To further improve the coal recovery rate, the GER technology was vigorously developed, as shown in Figure 1c . In this technique, the former entry is artificially retained as the tailgate for the next mining panel by using pigsties, concrete blocks, paste-like backfill material, high-water packing material, and other fill materials. Regarding GER technology, the research mainly focuses on the filling material properties, stress distribution and deformation control of roadside filling body. For example, Zhang et al. [3] studied the GER technology in highly gassy fully mechanized longwall top-coal caving and designed reasonable parameters for a rational roadside backfill body with high-water quick-setting materials through a numerical model. Basarir et al. [4] analyzed the stress magnitude and direction of stresses around the gob-side gateways using a three-dimensional finite difference technique. The presented results can be used in stability analysis of tail and main gates. Yang et al. [5] identified six geological factors, i.e., coal seam dip angle, mining height, cover depth, immediate roof thickness, immediate roof lithology and roof integrity to evaluate the adaptability of GER technology. In Yang's study, a weight analysis was performed to show that the coal seam dip angle is the most important factor. Guy et al. [6] introduced a criteria to assess the coal pillar system stability based on a mechanistic evaluation of the interaction between coal pillars and the overburden. Up to now, however, studies of GER applied in thick coal seams have rarely been seen in the published literature. When conventional GER is applied in a complicated condition, the retained entry will experience higher stress conditions and thus more instability problems. In addition, the traditional GER technology has problems such as high cost of filling materials, complicated production process, and slow speed of advance, which also restricts its rapid development [7] .
In 2008, the "Cutting Cantilever Beam Theory" (CCBT) and nonpillar mining technology of Gob-side Entry Retaining by Roof Cutting (GERRC) were first proposed [8] . Owing to the advantages of a simple and low-cost process, the GERRC technology has been extensively applied in many mining areas in China. In a thin coal seam mining condition, Zhang et al. [9, 10] carried out GERRC experiments and studied the form and parameters of entry support. In view of the hard roof condition of thin coal seams, Sun et al. [11] analyzed the technical parameters of roof presplitting blasting by numerical simulation analysis and field tests. To apply the GERRC technology in thick coal seams, He et al. [12] investigated evolution of the roof structure and the impact on stress evolution of surrounding rocks by roof cutting and designed a series of cooperative supports. The deformation and stress of the surrounding rock in a GERRC project in a shallow buried depth coal seam was monitored and analyzed by Gao et al. [13] . The results showed that the cutting top is the key to the realization of pressure relief. To explore the deformation characteristics of the roof under a hard roof condition, a short cantilever beam mechanical model was established and solved using energy theory and displacement variational methods by Wang et al. [14] . They found that the rotation of the upper main roof and width of the retained entry had the most significant impacts on roof deformation. The above studies have obtained rich theoretical results and good application results.
It can be found that the previous research in terms of GERRC are mainly studied in a simple geological condition, such as a thin coal seam, a shallow buried depth coal seam or a steady entry roof. In these conditions, the entry surrounding rock is easy to be controlled. However, there is no systematic research on the key technology and theory of GERRC under a more complicated geological condition, such as a medium-thick seam and compound roof condition. In this kind of geological condition, the effective technologies to maintain the stability of the entry surroundings are lacking and need to be explored. The Liliu mining area in Shanxi Province, China has abundant reserves of coking coal resources belonging to medium-thick coal seams with compound roofs. The wide coal pillar in the traditional long wall mining model has left behind a lot of coal pillars, causing serious resource waste. It is urgent to implement and popularize the nonpillar mining technology with reasonable economy and high safety. Based on the above engineering background, three key technologies for GERRC under 
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Principle of GERRC
GERRC refers to leaving no coal pillar between the two working faces, and the entry is retained by the mining side. When the current mining face is mined out, the bulking gangue body is utilized to maintain the retained entry and the remaining entry is then used for the next mining face ( Figure 2 ). 
Process of GERRC
To ensure the stability of the retained entry, the following technical measures and process for GERRC are adopted in medium-thick coal seam and compound roof conditions, as shown in Figure 3 . 
Gob-Side Entry Retaining by Roof Cutting (GERRC) Technology
Principle of GERRC
GERRC refers to leaving no coal pillar between the two working faces, and the entry is retained by the mining side. When the current mining face is mined out, the bulking gangue body is utilized to maintain the retained entry and the remaining entry is then used for the next mining face (Figure 2 ).
In this new noncoal pillar mining approach, the artificial filling materials in the conventional GER technology are creatively replaced by the bulking gangue body. The principle of GERRC can be briefly summarized as follows: Constant Resistance and Large Deformation Anchor (CRLDA) support-roof presplit-gangue filling-surrounding rock control. The roof is strengthened by CRLDA, and directional presplit cumulative blasting is carried out along the roof of the mining side to cut off the pressure transmission between the gob and entry roof. After recovery of the working face, the roof of the goaf can smoothly fall along the precracked surface and make good filling for the goaf near the entry. The bulking gangues then play a supporting role to the main roof rock beam and the short cantilever beam. In order to ensure the stability of the entry, some measures should be taken to control the roof and gangue and to achieve safe and successful retention of the entry. 
GERRC refers to leaving no coal pillar between the two working faces, and the entry is retained by the mining side. When the current mining face is mined out, the bulking gangue body is utilized to maintain the retained entry and the remaining entry is then used for the next mining face (Figure 2 ). 
Process of GERRC
To ensure the stability of the retained entry, the following technical measures and process for GERRC are adopted in medium-thick coal seam and compound roof conditions, as shown in Figure 3 .
Step I: During the entry excavation or before the working face is recovered, the CRLDA cable is installed in the entry roof.
Step II: The drilling hole construction is carried out on the roof of the mining side, and the construction position shall be delayed by strengthening the support distance by more than 20 m. After the drilling hole is completed, directional presplit cumulative blasting is carried out to optimize the roof structure and stress distribution.
Step III: Temporary support is carried out in the retained entry behind the working face by gate-type hydraulic supports, and the goaf roof falls along the roof fracturing line and forms a gang side under the action of the gangue prevention structure.
Step IV: Behind a certain distance from the working face, the movement of the roof is stable, and the temporary support can be gradually withdrawn for recycling. In addition, in the retained entry, fire and leakage prevention technologies such as spray treatment are carried out.
Energies 2018, 10, x FOR PEER REVIEW 4 of 21
Step IV: Behind a certain distance from the working face, the movement of the roof is stable, and the temporary support can be gradually withdrawn for recycling. In addition, in the retained entry, fire and leakage prevention technologies such as spray treatment are carried out. 
Key Technologies of GERRC
Through the analysis of the principle and process of GERRC, it can be found that entry stability control is the key to ensure success. There are three key technologies for GERRC under medium-thick seam and compound roof conditions: CRLDA support technology, directional presplit cumulative blasting technology and control of the surrounding rock techniques. The scientific determination and accurate application of the three key technical technologies are the fundamental guarantee for the successful application of GERRC, and a comprehensive and in-depth research is needed.
(1) CRLDA support technology 
(1) CRLDA support technology A key problem to be solved in the CRLDA is how the support adapts to dynamic pressure shock and large deformation of the surrounding rock. For this reason, the State Key Laboratory for Geomechanics and Deep Underground Engineering of the Chinese University of Mining and Technology (Beijing) developed CRLDA [15, 16] . It is mainly composed of a constant resistance device, a steel strand wire, a tray and a lock, as shown in Figure 4a . The constant resistance device is the core component of the CRLDA, and mainly includes the constant inner sleeve and the outer sleeve, as shown in Figure 4b .
The constant resistance of the CRLDA comes from the sliding friction produced by the relative movement of inner and outer sleeves [17, 18] . During deformation, the pressure of the surrounding rock is transferred to the outer sleeve through the tray. The anchorage end of the steel strand wire is fixed, and the constant resistance device is the free end. As the pressure reached the ultimate static friction between the inner and outer sleeves, these sleeves are relatively sliding. When the pressure is equal to the sliding friction, the relative motion stops. The working resistance of the CRLDA fluctuates between static and sliding friction. The constant resistance device is a negative Poisson's ratio structural element that realizes the "structural yielding" large deformation of the anchor cable. The constant resistance is independent of the external load, and it is only related to the structural parameters of the constant resistance device. The working principle of CRLDA is shown in Figure 5 . Under the influence of the stress and mining, there will be a bed separation and fracture on the roof, and the mudstone will be broken and expanded. The above factors lead to roof subsidence. When the pressure action on the anchor cable reaches constant resistance, the constant resistance device begins to produce sliding deformation, absorbs the deformation energy of the surrounding rock, and maintains a relatively constant support resistance in the process of movement until a new mechanical balance is reached. The working principle of CRLDA is shown in Figure 5 . Under the influence of the stress and mining, there will be a bed separation and fracture on the roof, and the mudstone will be broken and expanded. The above factors lead to roof subsidence. When the pressure action on the anchor cable reaches constant resistance, the constant resistance device begins to produce sliding deformation, absorbs the deformation energy of the surrounding rock, and maintains a relatively constant support resistance in the process of movement until a new mechanical balance is reached. The working principle of CRLDA is shown in Figure 5 . Under the influence of the stress and mining, there will be a bed separation and fracture on the roof, and the mudstone will be broken and expanded. The above factors lead to roof subsidence. When the pressure action on the anchor cable reaches constant resistance, the constant resistance device begins to produce sliding deformation, absorbs the deformation energy of the surrounding rock, and maintains a relatively constant support resistance in the process of movement until a new mechanical balance is reached. (2) Directional presplit cumulative blasting technology
The roof cutting is achieved by the directional presplit cumulative blasting technology. The expansion pressure and blast wave of the explosive gas have a strong effect and can cause the rock to melt into plastic flow, crushing, fracture and so on. It is the main cause of rock mass breakage. The expansion pressure generated by the explosive gas acts on the wall of the hole, while the blast wave acts on the rock with a range of 3-15 times the diameter of an explosive charge. Under traditional blasting, the energy cannot be gathered well and will cause great damage to the surrounding rock near the hole and even to the entry support. To achieve accurate blasting, technology for controlling the directional fracture of rock has made great progress in recent years [19] [20] [21] [22] . After blasting, the roof rock mass is cut off and the influence of blasting on roof stability is the lowest. This is very important for the successful realization of entry retaining.
The blasting technology for controlling the directional rock fracture is mainly realized by changing the hole structure, the slotted charge and the charging structure. To change the hole structure, a special cutting machine is required, the operation precision is high, the construction difficulty is great, progress is slow, and the cost is high. At present, the application has very little (2) Directional presplit cumulative blasting technology
The blasting technology for controlling the directional rock fracture is mainly realized by changing the hole structure, the slotted charge and the charging structure. To change the hole structure, a special cutting machine is required, the operation precision is high, the construction difficulty is great, progress is slow, and the cost is high. At present, the application has very little use. The process of slotted charge is complicated and not conducive to popularization and application [23] . The directional presplit cumulative blasting technology is a new type of rock directional fracture-controlled blasting technology that was invented on the research of controlled blasting and development of the polyvinyl chloride (PVC) energy cumulative tube ( Figure 6 ) [24] . Directional presplit cumulative blasting adopts a radial and axial two-way uncoupled charge, in which the diameter of the drill hole is 48 mm, the outer diameter of the energy cumulative tube is 42 mm, the inner diameter is 37 mm, and the diameter of the charge is 27-32 mm. use. The process of slotted charge is complicated and not conducive to popularization and application [23] . The directional presplit cumulative blasting technology is a new type of rock directional fracture-controlled blasting technology that was invented on the research of controlled blasting and development of the polyvinyl chloride (PVC) energy cumulative tube ( Figure 6 ) [24] . Directional presplit cumulative blasting adopts a radial and axial two-way uncoupled charge, in which the diameter of the drill hole is 48 mm, the outer diameter of the energy cumulative tube is 42 mm, the inner diameter is 37 mm, and the diameter of the charge is 27-32 mm. The role of the PVC energy cumulative tube mainly includes three aspects: (1) high-pressure, high-speed and high-temperature jets penetrate the rock to form a splitting crack, expand into the cutting direction, and indirectly restrain crack propagation in the undesired direction; (2) the explosion gas expansion pressure and blast wave in the undesired direction act on the wall of the The role of the PVC energy cumulative tube mainly includes three aspects: (1) high-pressure, high-speed and high-temperature jets penetrate the rock to form a splitting crack, expand into the cutting direction, and indirectly restrain crack propagation in the undesired direction; (2) the explosion gas expansion pressure and blast wave in the undesired direction act on the wall of the tube to ensure the integrity of the rock mass, and at the same time, with a certain pressure, it is helpful to the formation and expansion of cracks in the cutting direction; and (3) under the continuous penetration and pressure exerted by the reflected shock waves, the cracks continue to expand, thus improving the utilization ratio of blasting energy.
After blasting, concentrated energy flow is formed in two setting directions, and concentrated tensile stress is produced, which causes the roof to pull up a fracture surface according to the set direction. The principle of energy blasting is shown in Figure 7 . The field application results show that the technology can presplit cutting the roof according to the designed direction and does not destroy the entry roof. The role of the PVC energy cumulative tube mainly includes three aspects: (1) high-pressure, high-speed and high-temperature jets penetrate the rock to form a splitting crack, expand into the cutting direction, and indirectly restrain crack propagation in the undesired direction; (2) the explosion gas expansion pressure and blast wave in the undesired direction act on the wall of the tube to ensure the integrity of the rock mass, and at the same time, with a certain pressure, it is helpful to the formation and expansion of cracks in the cutting direction; and (3) under the continuous penetration and pressure exerted by the reflected shock waves, the cracks continue to expand, thus improving the utilization ratio of blasting energy.
After blasting, concentrated energy flow is formed in two setting directions, and concentrated tensile stress is produced, which causes the roof to pull up a fracture surface according to the set direction. The principle of energy blasting is shown in Figure 7 . The field application results show that the technology can presplit cutting the roof according to the designed direction and does not destroy the entry roof. Under the condition of a compound roof in a medium thick coal seam, the roof movement of the GERRC mainly consists of four stages, and targeted measures should be taken at different stages.
Stage I is the initial roof movement stage in the range of 30 m in front of the working face. The roof begins to move and produces a certain amount of subsidence by the advance stress. Stage II is the roof severe movement stage behind the working face approximately 0-60 m, the gangue is broken and filled in the goaf, and the fracture of the main roof rock beam leads to obvious dynamic Under the condition of a compound roof in a medium thick coal seam, the roof movement of the GERRC mainly consists of four stages, and targeted measures should be taken at different stages.
Stage I is the initial roof movement stage in the range of 30 m in front of the working face. The roof begins to move and produces a certain amount of subsidence by the advance stress. Stage II is the roof severe movement stage behind the working face approximately 0-60 m, the gangue is broken and filled in the goaf, and the fracture of the main roof rock beam leads to obvious dynamic pressure. Stage III is the roof slow movement stage behind the working face approximately 60-160 m. The main roof and the overlying strata subside slowly, and the gangue in the goaf is compacted. Stage IV is the roof stable movement stage with the distance behind the working face greater than 160 m. The surrounding rock control technologies must be designed in stages according to the roof movement of the four stages and the deformation characteristics of the surrounding rock, which ensures that the roof does not subside from blasting. The advance support reduces the deformation of the surrounding rock in the roof initial movement stage, and the maximum supporting strength is adopted to reduce the impact of roof collapse and fracture movement in the roof severe movement stage. The impact effect has impacted in the roof slow movement stage, and the entry support strength can be reduced to ensure recycling of supporting equipment. Support and monitoring need to be strengthened near the chamber and the fault in the roof stable movement stage.
Materials and Research Methods
The three technologies of GERRC are the key to ensuring the successful implementation of the innovative noncoal pillar mining approach in medium-thick coal seam and compound roof conditions. In this study, the three key technologies are studied in detail using theoretical analysis, numerical simulation, laboratory and field experiment methods. 
Theoretical Analysis on the Mechanical Mechanism of GERRC
As seen from the principle of GERRC, when the entry is in its original excavating state, the entry roof is one part of the long hanging roof structure. After roof cutting, the stress state and connection status change. To explore the mechanical mechanism of GERRC, elastic and structural mechanics theories are used to establish a mechanical model that emphasized the fractured entry roof. In the model, the main factors that influence the mechanical balance of the entry roof and stability of the retained entry are obtained.
Laboratory Experiment on the CRLDA Support Technology
In the process of retaining the entry, the reliability of the constant resistance of CRLDA is an important factor for achieving stability control of the surrounding rock. The proprieties of the CRLDA was tested in the laboratory. The static tensile test of three groups of CRLDA was carried out with a LEW-500 anchor cable tensile test system (see Figure 8a) , and the maximum tensile length and constant resistance were recorded. Three groups of CRLDA were used to conduct the static tensile test.
In addition, since the blasting position is close, the blasting will affect the roof supporting structure. The support structure should have good impact resistance. To explore the impact resistance of CRLDA, a dynamic impact test was carried out by using the 200,000-joule drop hammer impact test system, as shown in Figure 8b .
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The three technologies of GERRC are the key to ensuring the successful implementation of the innovative noncoal pillar mining approach in medium-thick coal seam and compound roof conditions. In this study, the three key technologies are studied in detail using theoretical analysis, numerical simulation, laboratory and field experiment methods.
Theoretical Analysis on the Mechanical Mechanism of GERRC
Laboratory Experiment on the CRLDA Support Technology
In addition, since the blasting position is close, the blasting will affect the roof supporting structure. The support structure should have good impact resistance. To explore the impact resistance of CRLDA, a dynamic impact test was carried out by using the 200,000-joule drop hammer impact test system, as shown in Figure 8b . 
Numerical Simulation on the Directional Presplit Cumulative Blasting Technology
The effectiveness of the directional presplit cumulative blasting technology is explored using a numerical simulation method. A famous explicit, three-dimensional, dynamic, nonlinear finite element program LS-DYNA is used to carry out numerical calculation. In the simulation, a three-dimensional model of single-hole cumulative blasting is established according to the above actual blasting parameters [25] . The cylinder composed of all the materials in the borehole only applies a fixed constraint in the Z direction of the two bottom planes, whereas the rock applies a fixed constraint in the Z direction and the boundary is fixed. The model local magnification schematic is shown in Figure 9 .
During the roof split blasting, after explosives in cut-holes are detonated, the explosion pressure interacts with the borehole wall, resulting in the generation of shock waves in rock mass. When shock waves act on rock mass, the large deformation of rock mass is incident to happen. The ALE algorithm and Lagrange algorithm are two commonly used algorithms in LS-DYNA. In Lagrange algorithm, the coordinates are fixed on the material, and thus can move and deform with the material. It is very intuitive to deal with the free surface and the material interface. Because the mesh always corresponds to the material, it can accurately track the material boundary and describe the interface between the material. The ALE algorithm can effectively track the movement of material structure boundary in the processing of structure boundary movement. In the division of internal mesh, the internal mesh element exists independently of the material entity, which is very advantageous in the analysis of large Energies 2018, 11, 2853 9 of 22 deformation problems. In blasting, the explosive, the air and the energy cumulative tube are based on an ALE multi material algorithm, and the rock material is using a Lagrange simulation algorithm. The explosive adopts the HIGH_EXPLOSIVE_BURN material model, the air adopts the NULL material model, the energy cumulative tube adopts the PLASTIC_KINEMATIC material model, and the rock adopts the RHT material model [26] . During the blasting, the detonation of explosives is a rapid chemical reaction process, controlled by corresponding equations. The blast wave front after explosive blasting satisfies the following equation [27, 28] :
(1)
In the formula: ρ D , u D , C D , and p D , respectively, indicate the pressure, density, particle velocity and sound velocity of the detonation product; k is the multiparty index; D represents the explosive velocity of the explosive; and ρ e represents the density of the explosive.
The mass equation of the detonation product is as follows:
The energy equation of the detonation product is as follows:
Many different equation of states (EOS) have been proposed for the description of detonation products. In this study, to explore the mechanical behavior of rock mass under the action of directional presplit cumulative blasting, Jones-Wilkins-Lee (JWL) equation is adopted for the description of detonation products. JWL model is a high energy combustion model and has the capacity to predict a large range of pressure caused by explosion. JWL EOS of detonation products includes a family of diabetes and has the following form [29] :
The JWL equation of state is used in this simulation:
where p cos is the pressure of the detonation products, V is the relative specific volume of the detonation products, E is the specific internal energy of the detonation products, and A, B, R 1 , R 2 , and ω are constants.
Before simulation, the JWL constants can be obtained by experiments; then, the equations are embedded into the modelling code. In the simulation process, the study area is first discretized into enough finite elements. Based on the above control equations, the simulation is solved using an explicit central difference method and the effects of directional presplit cumulative blasting can be visualized.
Field Experiment
The surrounding rock control technology is mainly tested in the field. The deformations of the entry surroundings and pressure of the designed supports are monitored by arranging measuring-stations. The measured results can verify the rationality and effectiveness of the surrounding rock control technology. In addition, the force and deformation of the CRLDA support, the cracking effects of the directional presplit cumulative blasting technology are also tested in the field. Field experiments can further prove the obtained results by theoretical analysis, laboratory experiment or numerical simulation.
Field Application Test
Test Conditions
The Dianping coal mine is located in Lvliang City, Shanxi Province, China, and it is the representative mine of the Liuli mining area. At present, coal seam 9# is mainly mined. The mined coal is bituminous and coking coal. The geological condition of the working face is simple, and it is a gas mine. 
Design of CRLDA Support
To make the CRLDA play a good suspension role in the process of retaining the entry and effectively protect the anchorage end from the blasting damage, the length of the CRLDA is 
To make the CRLDA play a good suspension role in the process of retaining the entry and effectively protect the anchorage end from the blasting damage, the length of the CRLDA is generally designed to be H + 2 m, and the anchorage end is located in hard and stable rock. The length of the constant resistance anchorage cable is 13.3 m. In addition, the CRLDA is more favorable for roof support on the mining side. Considering the parameters of roof cutting and the original design support mode of the entry, the CRLDA are arranged perpendicular to the roof direction with two rows. The first row is 500 mm away from the blasthole, the row spacing is 1000 mm, and the adjacent CRLDA is connected by a W-type steel strip. The second row is located in the middle line of the entry, and the distance is 2000 mm. The diameter of the steel strand wire is 21.8 mm, the length and outer diameter of the constant resistance device are 450 mm and 72 mm, the constant resistance value is 33 ± 2 t, and the pretightening force is not less than 28 t. The design and construction of CRLDA supports are shown in Figure 11 . 
Design of Directional Presplit Cumulative Blasting
The design parameters of directional presplit cumulative blasting mainly include the angle, depth, spacing of the blastholes and the structure of the charge, and the above parameters are determined by theoretical analysis and field tests.
(1) Blasthole angle
We define the blasthole angle θ to be the angle between the blasthole and the vertical line.
After directional presplit cumulative blasting, a flat fracture surface or weak plane structure is formed between the blastholes. After mining, the roof of the goaf will be completely broken and slipped along the roof fracturing line under its own gravity and overlying strata action force. The construction of blasting is carried out in front of the working face. To prevent the roof from the larger bed separation and subsidence after the blasting, the blasthole needs a certain angle.
The angle should not be too small (θ < 10°) to prevent the blasting from disturbing the nearby support. Moreover, when the angle is small, the roof collapse needs to overcome a larger rock shear force, and the vertical supporting force ( 'sin P θ ) of the caving gangue to the fracture surface is smaller. The angle should not be too large (θ > 25°). The length of the cantilever beam increases after the angle increases. At the same time, the filling effect of the goaf in the area under the large angle is poor, and the entry roof is prone to larger rotating deformation. Field tests prove that the best blasthole angle is 15-20°.
(2) Blasthole depth
The directional presplit cumulative blasting is the core technology to cut off the stress transfer of the roof and realize good filling in the goaf. The height of the roof cutting must be more than the height of the caving zone when the goaf filling is complete, so that the gangue can limit the movement of the main roof rock beam and the overlying rock. Therefore, the depth of the presplit seam drilling is obtained. Therefore, the formulas for depth design are as follows: 
(1) Blasthole angle
We define the blasthole angle θ to be the angle between the blasthole and the vertical line. After directional presplit cumulative blasting, a flat fracture surface or weak plane structure is formed between the blastholes. After mining, the roof of the goaf will be completely broken and slipped along the roof fracturing line under its own gravity and overlying strata action force. The construction of blasting is carried out in front of the working face. To prevent the roof from the larger bed separation and subsidence after the blasting, the blasthole needs a certain angle.
The angle should not be too small (θ < 10 • ) to prevent the blasting from disturbing the nearby support. Moreover, when the angle is small, the roof collapse needs to overcome a larger rock shear force, and the vertical supporting force (P sin θ) of the caving gangue to the fracture surface is smaller. The angle should not be too large (θ > 25 • ). The length of the cantilever beam increases after the angle increases. At the same time, the filling effect of the goaf in the area under the large angle is poor, and the entry roof is prone to larger rotating deformation. Field tests prove that the best blasthole angle is 15-20 • .
(2) Blasthole depth
The directional presplit cumulative blasting is the core technology to cut off the stress transfer of the roof and realize good filling in the goaf. The height of the roof cutting must be more than the height of the caving zone when the goaf filling is complete, so that the gangue can limit the movement of the main roof rock beam and the overlying rock. Therefore, the depth of the presplit seam drilling is obtained. Therefore, the formulas for depth design are as follows:
where H C is the working face height; k 0 is the initial gangue expansion factor; and k 0 = 1.4 − 1.8. The mining height of the 9100 working face is 3.1 m, the blasthole angle is 15 • , and the gangue expansion factor is 1.4. It is calculated that the blasthole depth design is not less than 8 m.
(3) Blasthole spacing To achieve good roof cutting, the damage fracture of the two holes should be connected, and the criterion condition is that the damage depth produced by the two blastholes is greater than the hole spacing; the criterion conditions of blasting can be derived as follows [30] :
In the formula, d is the center-to-center spacing of the blastholes; r b is the radius of the blasthole;
λ is the side pressure coefficient, λ = µ/(1 − µ); µ is the Poisson's ratio of the roof rock; P is the rock stress; P b is the peak pressure of the impact wave on the hole wall; D 0 is the initial damage parameter of the rock mass; σ t is the rock tensile strength; and δ is the attenuation coefficient of the explosion stress wave, δ = 2 − µ/(1 − µ). r b = 24 mm, µ = 0.3, P = 48.3 MPa, P b = 2200 MPa, D 0 = 0.6, and σ t = 3.3 MPa. Substitution Formula (16) is calculated for d ≤ 524 mm.
In addition, blasthole spacing can be initially designed according to lithology. Under normal conditions, the spacing between hard roof holes is 400-500 mm, and the spacing between composite roof holes is 500-600 mm. The roof of the 9100 working face is a medium strength composite roof. Combined with the calculation results, the spacing between the boreholes is determined to be 500 mm.
Design of the Surrounding Rock Control in GERRC
In different movement stages of the entry surroundings, targeted measures should be taken to guarantee the stability of the retained entry.
(1) Roof initial movement stage To ensure the safety and stability of the entry when blasting, the CRLDA is used to strengthen the roof. To control the overall deformation of the entry, advance support is carried out 30 m in front of the working face. The advance support can be used for reference to the original support form of the mine. Generally, hydraulic prop supports are adopted in the roof initial movement stage, but the strength is increased.
(2) Roof severe movement stage In this stage, the deformation of the surrounding rock is obvious, and the roof subsidence rate is the largest. The entry support strength must ensure the roof subsidence in the controllable range, and the roof of the entry does not break out. The overall subsidence of the roof is mainly derived from two aspects: one is the bed separation and the broken expansion of the roof in the range of the CRLDA support, and the other is the rotational subsidence of the roof caused by the subsidence of the Energies 2018, 11, 2853 13 of 22 overlying rock beam above the CRLDA support. To increase the support strength of the roof severe movement stage, on the one hand, the bed separation can be controlled, and on the other hand, the impact of the roof collapse and the main roof rock beam fracture can be reduced to realize maximum control of the roof rotation rate to ensure that the roof of the gob is broken down in time and filled well; then, the rotational subsidence of the roof rock beam can be reduced. Generally, a gate-type hydraulic support with high resistance was adopted in the roof severe movement stage.
The ZMX410/220 gate-type hydraulic support with high resistance is used to provide temporary support for the roof of the retaining entry. The support is 3200 mm long and 300 mm wide, and the supporting height range is 2200-4100 mm. The rated working resistance of the gate type hydraulic support is 2040 kN. The support row spacing of 2000 mm is designed. The application of temporary support for the roof in the severe movement stage is shown in Figure 12a .
In addition to strengthening the roof support, the gangue side of the retaining entry also needs support behind the working face. Gangue support plays an important role in guaranteeing the effect of the retaining entry. The prevention gangue structure must have two conditions: one is to ensure that it has scalability when the roof and floor converge closer, and the other is that it has a certain strength and integrity. Because the composite roof caving gangue fragmentation is small, gangue is shown to have a certain fluidity under high stress conditions. The retractable 29# U-shaped steel can is used for preventing gangue behind the working face. The two U-shaped steel beams are 2.0 m and 2.5 m long, respectively. They are connected by two clips. The overlap length is not less than 1 m. The 29# U-shaped steel is buried under the bottom of the floor not less than 300 mm. The application of the gangue prevention design is shown in Figure 12b . The deformation rate of the surrounding rock is gradually reduced. When the subsidence rate of the roof is reduced to 1 mm/d, the gate type hydraulic support can be retraced for recycling and gradually retraced by interval.
(4) Roof stable movement stage
Under normal conditions, the entry support retracting is completed, but some of the hydraulic prop supports should be kept in the area of the tunnel chamber intersection, fault zone, roof crusher and big roof subsidence.
Research Results
Mechanical Mechanism of GERRC Technology
Through the analysis of the principle of GERRC, it can be found that the key to guaranteeing the stability of the retained entry is to ensure the stability of the cutting cantilever beam structure. For this reason, the immediate roof of the entry in the roof cutting area is simplified as a cantilever beam, as shown in Figure 13 . The deformation rate of the surrounding rock is gradually reduced. When the subsidence rate of the roof is reduced to 1 mm/d, the gate type hydraulic support can be retraced for recycling and gradually retraced by interval.
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(4) Roof stable movement stage Under normal conditions, the entry support retracting is completed, but some of the hydraulic prop supports should be kept in the area of the tunnel chamber intersection, fault zone, roof crusher and big roof subsidence.
Research Results
Mechanical Mechanism of GERRC Technology
Through the analysis of the principle of GERRC, it can be found that the key to guaranteeing the stability of the retained entry is to ensure the stability of the cutting cantilever beam structure. For this reason, the immediate roof of the entry in the roof cutting area is simplified as a cantilever beam, as shown in Figure 13 . The force in the diagram is acting on the unit width along the strike, where P is the pressure of the main roof, P is the gangue supporting force, F 1 is the force of CRLDA, F 2 is the temporary support force, G 1 is the roof gravity of the triangle area, G 2 is the roof gravity of the rectangular area, M O is the bending moment in the rock beam, B is the width of the retaining entry, and H and θ are the depth and angle of the blasthole, respectively.
Under the condition that the roof does not undergo severe deformation, the stress of the roof meets the principle of moment balance:
Obviously:
In the formula, σ is the maximum tensile stress of the rock beam, k is the dynamic load coefficient of the roof pressure, M E is the basic top thickness, γ 1 is the direct top density, γ 2 is the basic top density, and the d is the basic top along the lateral fracture span.
The above analysis shows that the entry roof becomes a cantilever beam with a width of B by cutting the roof, and roof cutting is an important factor to guarantee the formation of the retained entry. In addition, from the equations above, we can understand that the force of CRLDA F 1 , the temporary support force F 2 and the gangue supporting force P are the key parameters to ensure that the mechanical balance of the cutting cantilever beam. Therefore, in-depth study of the key technologies of GERRC is of great significance.
Mechanical Properties and Application Effects of CRLDA
Mechanical Properties of CRLDA
The tensile results obtained by the LEW-500 anchor cable tensile test system are shown in Figure 14a . The maximum tensile slip deformation is between 386.38 mm and 405.38 mm, and the tensile force is maintained at approximately 320 kN, indicating that the constant resistance performance is good. In addition, after several drop impact tests, the force and slip tensile deformation of CRLDA under different impact energy are obtained, as shown in Figure 14b . The experimental results show that CRLDA does not break under repeated impact, showing the characteristics of high constant resistance and large deformation.
It can be seen from above that the constant resistance device has three properties: high pretightening force, large deformation, and good impact resistance. The pretightening force of the traditional anchor cable is generally 150 kN. Because of the low pretightening force, control of the initial deformation of the entry surrounding rock is unfavorable. The CRLDA can achieve approximately 280 kN of pretightening force, which is two times the pretightening force of traditional anchor cable. The application of CRLDA to medium thick coal seams with compound roofs is favorable for surrounding rock control before the retaining entry. The constant resistance is beneficial to the full use of the surrounding rock bearing characteristics, and the impact resistance provides a safety guarantee for the directional presplit blasting and roof fracture impact. These three excellent characteristics ensure that CRLDA can be well applied to support the surrounding rock of GERRC under medium-thick seam and compound roof conditions. 
Mechanical Properties and Application Effects of CRLDA
Mechanical Properties of CRLDA
The tensile results obtained by the LEW-500 anchor cable tensile test system are shown in Figure  14a . The maximum tensile slip deformation is between 386.38 mm and 405.38 mm, and the tensile force is maintained at approximately 320 kN, indicating that the constant resistance performance is good. In addition, after several drop impact tests, the force and slip tensile deformation of CRLDA under different impact energy are obtained, as shown in Figure 14b . The experimental results show that CRLDA does not break under repeated impact, showing the characteristics of high constant resistance and large deformation.
Support Effects of CRLDA in the Field Experiment
By monitoring the force of the CRLDA and the shrinkage of the lock, the curves of the force and shrinkage of the CRLDA with the advancing working face are obtained, as shown in Figure 15 .
(a) 
By monitoring the force of the CRLDA and the shrinkage of the lock, the curves of the force and shrinkage of the CRLDA with the advancing working face are obtained, as shown in Figure 15 . Figure 15 . From the above charts, it can be found that the roof initial movement stage begins at 33 m in front of the working face, and the stress of the roof increases gradually. The roof severe movement stage is accompanied by the periodic impact of the roof, and the force of the CRLDA fluctuates. At the roof severe movement stage, the strength of roof movement decreases, and the force and shrinkage of CRLDA increase with the increase of roof surrounding rock deformation. When the distance behind the working faces is greater than 160 m, the roof movement reaches a stable stage, and the force and shrinkage of CRLDA are basically stable. At the same time of the periodic fracture and impact of the roof, the CRLDA shrinkage increases, indicating that the impact resistance of the CRLDA is superior and can absorb the impact potential energy of the roof.
Effects of Directional Presplit Cumulative Blasting Technology
Analysis of Numerical Simulation Results
As shown in Figures 16 and 17 , the stress field and rock damage distribution are obtained under the cumulative blasting condition using a numerical simulation method.
Under cumulative blasting, the stress wave produced by the explosion directly affects the hole wall through the energy cumulative hole at t = 3.922 μs, and the "pen tip type" stress field is formed in the energy cumulative direction. The initial damage is formed at 6 mm from the wall of the hole. At time t = 9.4889 μs, the explosion stress wave transmission tube is applied to the hole wall in the nonenergy cumulative direction and the stress field is expanded outward to form a double "tie type" stress field. The stress of the inner layer is approximately 10-50 times the outer layer, and tensile stress is produced in the energy cumulative direction. The damage length is continuously extended, and the damage is linearly distributed along the radial energy cumulative direction. The tension stress field extends to the nonenergy cumulative direction. At t = 33.998 μs, the front end of the tensile stress field is closed around the blast hole and forms an elliptical compressive stress field. The total damage length of the hole wall is 50 mm, and the damage area extends along the radial direction. Finally, the simulation results show that the damage propagates along the energy cumulative direction and there is no obvious damage in the nonenergy cumulative direction after directional presplit cumulative blasting.
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It is obvious that, when the blasting is controlled, the damage only propagates in the desired direction. After the cracks between the blastholes are connected, a fracturing line can be formed along the mining direction and the entry roof becomes a cantilever beam, as illustrated in the theoretical analysis section (Figure 13) . Therefore, the roof cutting effects can directionally determine the formation of the roof cantilever beam and then affects the stability of the retained entry. 
Application Effects in the Field Experiment
Directional presplit cumulative blasting can directly affect the application effects of GERRC. The blasting test must be carried out in advance to determine the final charge structure. First, a single hole blasting test is carried out according to the above design parameters to determine the initial charge structure, and then continuous blasting is carried out, and the charge structure is adjusted in time by observing the crack in the hole after blasting. The higher the crack rate in the hole is, the better the effect of presplitting, and a reasonable charge structure occurs when the crack rate is more than 70% in the hole.
In the field test, the size of the emulsion explosive is φ27 × 300 mm, and each weight is 200 g. Each hole has four 1.5 m long energy cumulative tubes and one 0.75 m long energy cumulative tube, and the sealing length is 2.25 m. The results show that the optimum charge structure is "4 explosives + 3 explosives + 4 explosives + 3 explosives + 2 explosives", the average crack rate of the hole after blasting is up to 81%, and the roof of the goaf after mining is broken down in time along the roof fracturing line, indicating that the effect of presplitting blasting is better. The structure of charge and the effect of directional presplit cumulative blasting are shown in Figure 18 . 
In the field test, the size of the emulsion explosive is ϕ27 × 300 mm, and each weight is 200 g. Each hole has four 1.5 m long energy cumulative tubes and one 0.75 m long energy cumulative tube, and the sealing length is 2.25 m. The results show that the optimum charge structure is "4 explosives + 3 explosives + 4 explosives + 3 explosives + 2 explosives", the average crack rate of the hole after blasting is up to 81%, and the roof of the goaf after mining is broken down in time along the roof fracturing line, indicating that the effect of presplitting blasting is better. The structure of charge and the effect of directional presplit cumulative blasting are shown in Figure 18 .
Effects of the Surrounding Rock Control in the Field Experiment
Under medium-thick coal seam and compound roof conditions, the proposed noncoal pillar mining approach and key technologies were tested in the Dianping coal mine. After application of Figure 18 . Charge structure and blasting effects in the field experiment.
Under medium-thick coal seam and compound roof conditions, the proposed noncoal pillar mining approach and key technologies were tested in the Dianping coal mine. After application of the new approach, the recovery of coal pillar resources reaches 82 thousand tons, creating direct economic benefits of nearly 100 million yuan. The normal advancing speed of the working face is 7 m per day, and the roof temporary support is removed in the section approximately 160 m behind the working face. The application effects of GERRC are shown in Figure 19 . The final section of GERRC met the safety production requirements, verifying that the proposed technology for nonpillar mining in medium-thick coal seam and compound roof conditions is feasible. the new approach, the recovery of coal pillar resources reaches 82 thousand tons, creating direct economic benefits of nearly 100 million yuan. The normal advancing speed of the working face is 7 m per day, and the roof temporary support is removed in the section approximately 160 m behind the working face. The application effects of GERRC are shown in Figure 19 . The final section of GERRC met the safety production requirements, verifying that the proposed technology for nonpillar mining in medium-thick coal seam and compound roof conditions is feasible. 
Discussion
In this study, three key technologies for GERRC were proposed and comprehensively studied using various methods. It was suggested that the proposed key technologies for GERRC were effective and the application of GERRC in medium-thick coal seam and compound roof conditions was feasible. For GERRC, the deformation and pressure of the entry surroundings are import factors reflecting the stability of the retained entry. Based on the field monitoring results, the deformation of the entry surroundings and pressure of the temporary support in the retained entry are discussed.
(1) Deformation of the entry surroundings Through the deformation monitoring of surrounding entry rock, the roof and floor displacement curves, two sides and roof bed-separation and the rate of roof subsidence are obtained as shown in Figure 20 . From the above monitored results, we can see that:
(1) When the distance behind the working faces is greater than 160 m, the surrounding entry 
(1) When the distance behind the working faces is greater than 160 m, the surrounding entry rock is basically stable. The final roof-to-floor convergence is 439 mm, the roof subsidence is 186 mm, the floor heave is 253 mm, the two sides of entry convergence are 330 mm, the gangue side moves near 201 mm, and the coal side displacement is 129 mm.
(2) The determination of the roof subsidence rate as the roof movement degree: the roof subsidence rate is greater than 5 mm/d for the roof severe movement stage, 1-5 mm/d in the roof slow movement stage, and less than 1 mm/d in the roof stable movement stage. The subsidence rate is 5-18 mm/d 0~60 m behind the working face, which is the roof severe movement stage, and 1-10 mm/d 60-160 m behind the working face, which is the roof slow movement stage. The roof is in the stable stage when the distance behind the working face is greater than 160 m.
(3) The roof bed-separation value increases rapidly during the roof severe movement stage within the 60 m range behind the working face. The degree of roof movement weakened, and the bed-separation showed a slow increasing trend in the roof slow movement. When the distance behind the working face is greater than 160 m, the movement of the roof reaches a stable stage, the bed-separation is basically stable, and the final separation value is 54 mm, which is similar to the shrinkage deformation of the CRLDA. 3) The roof bed-separation value increases rapidly during the roof severe movement stage within the 60 m range behind the working face. The degree of roof movement weakened, and the bed-separation showed a slow increasing trend in the roof slow movement. When the distance behind the working face is greater than 160 m, the movement of the roof reaches a stable stage, the bed-separation is basically stable, and the final separation value is 54 mm, which is similar to the shrinkage deformation of the CRLDA. (2) Pressure of the temporary support in the retained entry
The pressures of the gate-type hydraulic supports in the retained entry were monitored, as shown in Figure 21 . In the roof severe movement stage, the working resistance rises rapidly. With the periodic fracture impact of the roof, the working resistance of the gate-type hydraulic support appears to fluctuate greatly. The resistance of portal supports fluctuates slightly in the roof slow movement. In the roof stable movement stage, the working resistance is basically stable, and gate-type hydraulic support can be removed for recycling. Overall, the working resistance of the gangue side column is obviously larger than the coal side column indicating that the supporting strength and the monitoring of the mine pressure on the gangue side should be strengthened. It also indicates that the arrangement of CRLDA near the gangue side is reasonable. (2) Pressure of the temporary support in the retained entry
The pressures of the gate-type hydraulic supports in the retained entry were monitored, as shown in Figure 21 . In the roof severe movement stage, the working resistance rises rapidly. With the periodic fracture impact of the roof, the working resistance of the gate-type hydraulic support appears to fluctuate greatly. The resistance of portal supports fluctuates slightly in the roof slow movement. In the roof stable movement stage, the working resistance is basically stable, and gate-type hydraulic support can be removed for recycling. Overall, the working resistance of the gangue side column is obviously larger than the coal side column indicating that the supporting strength and the monitoring of the mine pressure on the gangue side should be strengthened. It also indicates that the arrangement of CRLDA near the gangue side is reasonable.
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(2) Pressure of the temporary support in the retained entry
The pressures of the gate-type hydraulic supports in the retained entry were monitored, as shown in Figure 21 . In the roof severe movement stage, the working resistance rises rapidly. With the periodic fracture impact of the roof, the working resistance of the gate-type hydraulic support appears to fluctuate greatly. The resistance of portal supports fluctuates slightly in the roof slow movement. In the roof stable movement stage, the working resistance is basically stable, and gate-type hydraulic support can be removed for recycling. Overall, the working resistance of the gangue side column is obviously larger than the coal side column indicating that the supporting strength and the monitoring of the mine pressure on the gangue side should be strengthened. It also indicates that the arrangement of CRLDA near the gangue side is reasonable. 
Conclusions
In China, coal provides most of the energy for economic and industrial development. For sustainable utilization of limited coal resources, it is important to increase the coal recovery rate and improve entry stabilities. In the present study, an innovative noncoal pillar mining approach for medium-thick coal seam and compound roof conditions has been proposed. Three key technologies (i.e., CRLDA support technology, directional presplit cumulative blasting technology and surrounding rock control technology) for the innovative approach were further introduced and systematically studied by theoretical analysis, numerical simulation, laboratory and field experiments.
By establishing structural and mechanical models, the mechanism of GERRC was analyzed theoretically. In addition, the working mechanism and mechanical properties of CRLDA were experimentally studied. Furthermore, the principle of directional presplit cumulative blasting technology and the energy cumulative effect of the energy cumulative tube were analyzed by numerical modeling. The feasibility of GERRC applied in medium-thick coal seam and compound roof conditions was verified by a field experiment. The results show that the roof movement of GERRC can be divided into four stages, i.e., the initial movement stage, the severe movement stage, the slow movement stage and the stable movement stage. A gate-type hydraulic support can be used to support the roof temporarily, and the retractable U-shaped steel can well prevent the gangue from rolling into the entry. When the distance behind the working faces is greater than 160 m, the surrounding entry rock is basically stable. In the roof severe movement stage, the working resistance rises rapidly. With the periodic fracture impact of the roof, the working resistance of the temporary support appears to fluctuate greatly. In the roof stable movement stage, the working resistance is basically stable. The final section of GERRC meets the safety production requirements, verifying that the proposed technology for nonpillar mining in medium-thick coal seam and compound roof conditions is feasible. The key technologies and design methods obtained in this study can provide a good reference for effective mining of bituminous and coking coals under similar conditions. 
